The paper presents an analysis of the surface layer of Fe-Mn-C-B-Si-Ni-Cr alloy coating after friction with C45 steel. The coatings were obtained by arc welding (GMA). Flux-cored wires were used as a welding material. The flux-cored wires had a diameter of 2.4 mm. The tribological assessment was performed with the Amsler tribotester under dry friction conditions at unit pressures 10 MPa. The use of XPS spectroscopy allowed deep profile analysis of the surface layer. Based on the obtained results developed model of the surface layer for friction couple, hardfaced coating obtained from Fe-Mn-C-B-Si-Ni-Cr alloy -C45 steel. It was observed that the operational surface layer (OSL) of hardfaced coatings contained oxides
INTRODUCTION
Development of new materials is frequently focused on increasing their mechanical, tribological and corrosion and wear-resistance characteristics [1÷6] . Recently, surface modification of engineering materials has become a fast developing field of materials science. One of the most frequently used methods of regenerating machine parts is pad welding, or applying a layer of liquid metal on the regenerated object [7÷9] . The currently used materials are obtained on the basis of Fe, Ni, Co, Ti with additions of various chemical elements, including: Si, Cr, B, Mn, V, Ti, Mo, W, Nb affecting their mechanical, tribological and corrosive properties [10÷14] . At the time of friction, the surface layer of materials used for friction couples is subject to continuous change due to external forces such as unit pressure, movement speed, temperature, environment, etc. [4÷6] . An important part of tribological studies is to understand the structure of the surface layer and changes observed during friction. A feedback effect can be observed between the friction structure and properties of the surface layer. Tests conducted on friction surfaces must accurately determine the nature of all relevant information necessary for a surface analysis which aims to help enquirers understand tribological mechanisms, and thus improve the friction process while reducing wear on the machine elements [15÷19].
Currently, there is a distinction between technological and operational surface layers. A technological surface layer (TSL) is defined as a surface layer created as a result of deliberate actions in the course of technological processes, such as hardfacing. Its properties depend, among other things, on the technology used in the manufac-ture and the type of material. The concept of an operating surface layer (OSL) is defined as the condition of the layer after its exploitation. During exploitation, OSL (Fig. 1) is subject to changes due to various types of forces. It is formed during operation of a friction pair with or without the use of lubricants [20÷21] .
Different models of surface layers that we know today differ from each other mainly in the degree of detail. An indicative fact is that their creators assume a zone-based construction. The difference between the actual OSL and the theoretical model consists in the fact that certain zones do not exist or do not interpenetrate in the actual layer [1, 22÷23] .
It was also observed that, in many cases, the field of machine construction and operation has shifted from examining the reliability of machines at the macro level to a comprehensive approach at the level of mechanisms employed during processes that destroy the materials used for kinematic pairs of various machines. Contemporary methods of characterization enable (microscopic) imaging and (spectroscopic) analysis of the surface of materials used for friction couples. One of the most useful techniques of depth profiling, that makes it possible to identify different elements that exist within a sample and analyse their bonds, is the X-ray photoelectron spectroscopy (XPS). Binding energy values of characteristic photoelectron peaks are tabulated. This makes it possible to conduct quantitative and qualitative analyses of chemical composition of the surface layer. The advantage of this method is the possibility of detecting chemical elements having an atomic number Z>2 [24÷25]. A common method involving the use of a scanning electron microscope and an energy dispersive X-Ray spectrometer (SEM/EDS) allows detection and identification of chemical elements having an atomic number Z>6. Therefore, identification of the chemical composition of a surface layer which consists of elements such as B and C can be burdened with error [19] .
EXPERIMENTAL DETAILS
The alloy Fe-Mn-C-B-Si-Ni-Cr was used as a core mixture for the production of flux-cored wires 2.4 mm in diameter. The filling percentage of the metal tape is from 30% to 35%. The coating was produced using GMA welding (MAG CO 2 shielding). The thickness of the padding weld was 4-5 mm. The composition of the coating is shown in Table 1 . The hardness of the coating is 49 HRC.
Tribometer was used for tribological examination. The basic parameters characterising the friction node were as follows:
• type of contact: distributed, flat (in a pin-on disc system), • the connection of pin-on disc friction pair is created by a rotating disc and sample being pressed onto it (sample shape: 10x10 mm square, disc diameter 90 mm, hardness 52 HRC, material: steel C45, • type of movement: sliding friction (velocity 0.4 m/s), • unit pressure: 10 MPa, • duration of a single tribological test: 6 hours.
A scanning electron microscope FEI Quanta 3D FEG was used for the examination of topography of the friction surface. The images of the wear scar were recorded in a High Vacuum mode (pressure <6⋅10 -4 Pa) with 30 kV. The use of XPS spectroscopy allowed deep profile analysis of the surface layer (change of elements' proportions towards the inside of the material) for much bigger areas of the alloy [26] . A multi-chamber analytical system UHV by Prevac was used for the examination. Configuration of the UHV analytical system enables examination of the chemical state and composition of nearsurface layers in high vacuum conditions. The obtained data come from a sample layer made up to several atom layers, which enables the control of even subtle changes of the texture and chemical nature of the surface of the analysed materials. The samples were cut out using an electro-erosion method and then cleansed with acetone. The sample size was 10×10×2 mm. The sample was then exposed to monochromatic X-ray emitted by an MX-650 Gammadata Scienta lamp with an Al anode. The spectroscopy chamber enabled analysis with the resolution <1 meV. The base pressure in the chamber during the measurement was 4×E -9 mbar or higher. Consecutive surface layers were removed via etching with argon ions Ar + and XPS analysis was conducted upon each of them. The spectra were recorded from ca. 2×5 mm area. In this way the following layers were analysed: the surface and depths of 5, 10, 15, 20, 50, 100, 200 and 600 nm. The sputtering velocity was calculated from the following equation: (1) where: z/t -sputtering velocity, M -molecular mass, r -density of the material, N A -Avogadro's constant, e -electron charge, Ssputtering efficiency, j p -density of the ion current
The chemical composition was determined by identification and measurement of the intensity of spectra lines in the XPS spectra [21] .
RESULTS AND DISCUSSION
The average mass loss of samples after tribological tests with a 10 MPa unitary pressure and examination time of 6 hours was 125 mg. The mass loss of coating and counterbody presents Figure 2 . At the same time, the average mass loss of counterbodies was 228 mg. The average wear coefficient was 0.59.
The SEM view of the coating surface after friction is shown in Figure 3 . The surface after friction has a "flake-layer" composition. Numerous wear traces are visible on the surface.
Quantitative and qualitative analyses of chemical composition of the surface layer of coatings obtained from Fe-Mn-C-B-Si-Ni-Cr alloy after tribological studies were made with the use of (Fig. 4a) increased with depth. The content of boron B 1s was the highest at a depth of 5-10 nm (5.47% at.) and 600 nm (8.83% at.). The number of boron atoms was higher in the coating after friction (Fig. 4b) . Boron in the form of a B 2 O 3 compound occurred at a depth of approximately 50 nm. Along with increasing depth the content of B 2 O 3 decreased, while the content of FeB and Fe 2 B increased. The content of Si 2s was the highest at a depth of 20 nm and amounted to 7.02% at. (Fig. 4c) . Silicon in the form of a SiO 2 compound occurred at a depth of approximately 200 nm. Along with increasing depth the content of SiO 2 decreased, while the content of Si 2s increased. The content of Cr 2p chromium in OSL after friction was lower than in the coating (Fig. 4d) . Chromium in the form of a Cr 2 O 3 compound occurred at a depth of approximately 50 nm. At depths of more than 50 nm, it was observed mainly in the form of a metallic chromium. Nickel occurred mainly in a metallic form and as NiO (Fig. 4e) . In contrast, oxygen O 1s was predominantly observed in the form of metal oxides and in C-OH, C=O, C-O-C, O-C=O groups (Fig. 4f) (Fig. 4g ). An increased content of carbon and oxygen was detected on the surface of the counterspecimen made of C45 steel. It decreased with increasing depth. The content of iron, on the other hand, increased. The operational surface layer of the counterspecimen contained mainly iron oxides and chromium oxide (Cr 2 O 3 ). Carbon was detected in the form of Fe 3 C, and C-C, C-H, C-OH, C-O-C, C=O, -CO 3 compounds. Silicon was detected at depths ranging from 20 to 50 nm (maximum -1.36% at.).
In the work [13] the results of studies of FeMn-C-B-Si-Ni-Cr alloys analyzed in other conditions were presented. They also were used to develop the model of the operating surface layer.
The following generalized OSL model (shown in Figure 5 ) was proposed on the basis of the obtained results and literature data. The chemical composition of the operational surface layer varied with depth. Deeper layers were generally characterized by the presence of less complex 
